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Abstract. We analise phenomenological implications of two Higgs doublet models with Higgs 
flavour changing neutral currents suppressed in the quark sector by small entries of the Cabibbo- 
Kokayashi-Maskawa matrix. This suppression occurs in a natural way since it is the result of 
a symmetry applied to the Lagrangian. These type of models were proposed some time ago by 
Branco Grimus and Lavoura. Our results clearly show that these class of models allow for new 
physical scalars, with masses which are reachable at the LHC. The imposed symmetry severely 
reduces the number of free parameters and allows for predictions. Therefore these models can 
eventually be proved right or eliminated experimentally. 


1. Introduction 

There are several good motivations to consider models with two Higgs doublets. Such models 
allow for new sources of CP violation and for the possibility of having spontaneous CP violation. 
It is by now established that the SM cannot account for the observed baryon asymmetry of the 
universe and that new sources of CP violation are required. Spontaneous CP violation was first 
proposed by Lee [T] in the context of two Higgs doublet models (2HDM) and puts CP violation 
on the same footing as the electroweak symmetry breaking. Models with two Higgs doublets may 
also provide a solution to the strong CP problem of the type proposed by Peccei and Quinn [2] . 
Furthermore, supersymmetric extensions of the Standard Model (SM) also require the existence 
of two Higgs doublets. 

The discovery of a scalar boson in the run 1 of LHC by Atlas [3] and CMS [1] immediately 
raises the question of whether this is the SM Higgs boson or part of a multi-Higgs theory. The 
properties of the Higgs boson already discovered are up till now in good agreement with those 
predicted by the SM but more precise determinations may show evidence for New Physics. 
There is also the possibility that the LHC will soon discover a charged Higgs or additional neu¬ 
tral scalars thus confirming the need to extend the scalar sector of the SM. 

There are important experimental constraints on 2HDM. Such models have potentially large 
Higgs mediated flavour changing neutral currents (FCNC) [5], [6] [ 3 . Effects due to these FCNC 
are severely constrained and therefore some mechanism to suppress these effects is required. It 
is possible to eliminate tree level FCNC by imposing for instance natural flavour conservation 
[8] or alignment [9]. Another possibility, which was proposed some time ago by Branco Grimus 


and Lavoura (BGL) [TU], consists on imposing a symmetry on the Lagrangian allowing for 
tree level FCNC in the quark sector suppressed by small entries of the Cabibbo- Kobayashi - 
Maskawa matrix, Vckm- Later-on, BGL models were extended to the leptonic sector HU and 
their relation to Minimal Flavour Violation models has been studied [12]. Phenomenological 
implications of these models have been analysed recently m, m, |15j . This talk is largely 
based on work done in Ref. [TTj • 


2. Theoretical Framework 

In Ref. [Ill we analysed extensions of the SM with two Higgs doublets together with three 
right-handed neutrinos. We did not add Majorana mass terms to the Lagrangian and as a result 
neutrinos are Dirac type. However our analysis of phenomenological implications is not sensitive 
to the character of the neutrinos. The Yukawa interactions can be explicitly written: 

Cy = ri$i4 - ^ Fs^hs^ - ^ ^ A2$24 

- 1J[ n2$24 - ^ S2$24 + h.c., (1) 

where Fj, Aj Hj and Sj denote the Yukawa couplings to the right-handed quarks rigth- 

handed leptons respectively, and the Higgs doublets <l>j. The quark mass matrices 

generated after spontaneous gauge symmetry breaking are given by: 


Md 


1 

71 


(uiFi+U2e'“r2), 


Mu 


1 

71 


(uiAi-Fu2e *“A2), 


( 2 ) 


where Vi = | < 0|(^°|0 > | and a denotes the relative phase of the vacuum expectation values 
(vevs) of the neutral components of <I>i. The matrices Md, Mu are diagonalized by the usual 
bi-unitary transformations: 


u\j^MdUdR = Dd^ diag {md, ms, mb) (3) 

uI^MuUuR = Du^ diag {mu, me, mt) (4) 

The neutral and the charged Higgs interactions obtained from Eq. Q for the quark sector are 
of the form 


(quark, Higgs) = [MdH^ + N^R + iNp] d% - 

- v^^^[MuH<^ + N^R + iNlll]ul- (5) 

where v = ^Jvf + V 2 ~ 246 GeV, and H^, R are orthogonal combinations of the fields pj, 

arising when one expands [T] the neutral scalar fields around their vacuum expectation values, 
n n 

W = d- Pj d-ipj), choosing W’ in such a way that it has couplings to the quarks which are 

proportional to the mass matrices, as can be seen from Eq. ([^. Similarly, I denotes the linear 
combination of pj orthogonal to the neutral Goldstone boson. The matrices N^, are given 
by: 


iVO = ^(^^2ri - uie-Fa), - uie— A 2 


( 6 ) 




It is clear from these expressions that the flavour structure of the quark sector of two Higgs 
doublet models is much richer than that of the SM requiring the four matrices M^, M^, N^, 
in order to be fully specified. For the leptonic sector one can derive similar expressions and the 
corresponding matrices can be denoted by M^, N^, N^. In the leptonic sector with Dirac 

neutrinos the analogy with the quark sector is perfect. 

Flavour changing neutral currents in the quark sector are controlled by and while in 
the leptonic sector they are controlled by N^. 

In terms of physical quarks the neutral and the charged Higgs interactions can be written: 


£y (quark, Higgs) = 


+ 


V2H+ 


V 


u (VNd’jR - nI Vjl) d + h.c. 


H' 


0 


R r 


iuDuU + dDfi d) — 

V u L 

^ ^{Nu'yR - Nl'yL)u - diNd'jR - N^jr) d 


uiNu'jR + Nl'yL)u + d{Nd'yR + N^Jl) d 


i- 
V L 


+ 

( 7 ) 


where 'Jr and 'Jr are the left-handed and right-handed chirality projectors, respectively, and 
Nd = ul^j^N^UdR, Nu = U\^N^UuR, V = U^RUdR- The matrix F is a simplihed notation for 
the VcKM matrix. There are analogous expressions for the leptonic sector with Vckm replaced 
by the Pontcorvo-Maki-Nakagawa-Sakata matrix, Urmns- The physical neutral Higgs fields are 
combinations of R and I. 


Up till this point the discussion applies to the general two Higgs doublet model with Dirac 
fermions. The matrices Nd, Nu, and are entirely arbitrary and the scalar potential is the 
most general one for two Higgs doublets. 


In order suppress the tree level FCNC in the quark sector by means of small entries of Vckm 
Branco, Grimus and Lavoura imposed the following symmetry on the quark and scalar sector of 
the Lagrangian |10j : 

Qlj exp (it) Q'ij , exp {i2T)u%j , ^>2 exp (ir )^>2 , (8) 

where r ^ 0, vr, with all other quark fields transforming trivially under the symmetry. The index 
j can be fixed as either 1, 2 or 3. Alternatively the symmetry may be chosen as: 

Qlj exp (ir) Qlj , d%j exp ii2T)d%j , $2 ^ exp (-ir )^>2 . (9) 

The symmetry given by Eq. Q leads to Higgs FCNC in the down sector only, whereas the 
symmetry specified by Eq. Q leads to Higgs FCNC only in the up sector. These two alternative 
choices of symmetry combined with the three possible ways of fixing the index j give rise to six 
different realisations of 2HDM with the flavour structure, in the quark sector, controlled by the 
Vckm matrix. The models obtained from the symmetry defined by Eq. Q are called up-type 
models. In these models Nd and Nu have the simple form: 

(iVd)r. = -{Dd)rs - {V^cKM)rj{VcKM)js{Dd)ss (10) 

vi V^i V2J 

no sum in j implied, whereas, particularising the index j to be 3, we have: 

V\ V2 

Nu = -diag (0, 0, m*) H-diag (m„, rric, 0) (11) 

V2 Vi 

the index j fixes the row of Vckm which suppresses the flavour changing neutral currents. For 
down-type models, which are those obtained from imposing the symmetry defined by Eq. (©, 







the two matrices and Nu exchange role and the FCNC are now suppressed by one of the 
columns of Vckm depending on the index j. 

As a result of imposing such a symmetry the matrices and are entirely determined by 
fermion masses, the Vckm matrix and the angle /3 defined by tan/3 = U 2 /U 1 , with no other free 
parameters. The flavour structure of BGL models depends on parameters already present in the 
SM apart from the new parameter tan/3. This characteristic is a defining feature of models that 
have been later-on denoted as models of Minimal Flavour Violation type |16j . nzj, m. SSI- 

The leptonic sector with Dirac neutrinos is analogous to the quark sector and again there 
are six possible different realisations. Combining the two sectors one obtains thirty six different 
models which can be identified by a set of two indices. For example, the model (up 3 , £ 2 ) = {t, fJ-) 
will have no tree level neutral flavour changing couplings in the up quark and the charged lepton 
sectors while the neutral flavour changing couplings in the down quark and neutrino sectors will 
be controlled, respectively, by Vtdi and 

The scalar potential is also constrained by the imposed symmetry. With the introduction of 
a soft symmetry breaking term it will have seven independent parameters which will determine 

the four scalar masses, the combination v = \Jv\ + ^ 2 , tan /3 = V 2 /V 1 , and a. The angle a is the 
mixing angle relating the physical neutral CP-even scalars to the fields p\ and p 2 - One mixing 
angle is sufficient since this constrained scalar potential does not violate CP neither explicitly 
nor spontaneously [TO] and therefore the field I is already physical. The soft symmetry breaking 
term prevents the appearance of an would-be Coldstone boson due to an accidental continuous 
global symmetry of the potential. 

In the present work we assumed that coincides with the observed Higgs boson. Deviations 
from this assumption are still allowed by the experimental data but are constrained to be 
small. This assumption corresponds to imposing /3 — a = 7 r/ 2 . The masses of the extra Higgs 
bosons must obey constraints coming from electroweak precision tests, in particular the T and 
S parameters. Bounds on T and S together with direct mass limits, significantly constrain the 
masses of the new scalar fields in terms of the mass of the charged Higgs |20| so that once 
this mass is fixed there is not much freedom left for the masses of the extra neutral scalars. As 
a result we can approximately scan the whole region of parameter space by varying tan /3 and 
and the mass, mij ±, of the charged Higgs boson. 

3. Confrontation with the experimental results 

We performed an analysis of the thirty six BCL models in order to determine where could the 
masses of the new scalars lie and how these depend on tan /3. The masses of all new three 
scalar fields were treated independently and on an equal footing even though for simplicity we 
only presented results in terms of mH± ■ As stated in the previous section we assumed that the 
discovered Higgs at the LHC coincides with our scalar, the one without FCNC. 

We imposed present constraints from several relevant flavour observables. In Table 1 we 
summarise the different types of relevant observables that we took into consideration, indicating 
where the contributions come from. In some cases the new contributions are only present in 
some but not all of the models. In Ref. m we give a detailed description of the analysis that 
we performed and we list the set of experimental data and bounds that we used. 

Figues 1 and 2 present the allowed regions we obtained for each one of the thirty six models. 

Some of the BCL models allow for masses of the charged Higgs below 380 GeV which is the 
constraint from 6 —)> 57 on type H 2HDMs |21j . This is due to the different dependence that 
these models have on tan /3 . However, in general, loop level processes, such as 6 —)• 57 as well 
as ij —>■ iij provide important constraints. The same is true for the process Z ^ bb and the 
oblique parameters S and T, unlike U. 
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Table 1. Summary table of the different types of relevant observables; leading contributions 
are tagged X while subleading or negligible ones are tagged x. 


Concerning electric dipole moments of leptons and quarks |22], [23] BGL models do not give 
new physics one loop contributions. In |23| it has been shown that the weak basis invariant 
relevant for the quark EDMs does not acquire an imaginary part. In fact the same applies to 
two loop contributions within BGL models.. 

4. Conclusions 

BGL models are very constrained since they have a very small number of free parameters 
and therefore they are highly predictive allowing to establish correlations among different 
observables. This also means that in principle it will be possible to rule out several of these 
different scenarios based on the future LHC results. Our results show that there are some very 
promising BGL implementations, which deserve more attention. 

Several of the models allow for scalar masses within the reach of direct searches at the LHC. 
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Figure 1. Allowed 68% (black), 95% (gray) and 99% (light gray) CL regions in mfj± vs. tan/3 
for BGL models of types (ttj, Uj) and {ui, ij), i.e. for models with FCNC in the down quark sector 
and in the charged lepton or neutrino sector (respectively). Lower mass values corresponding 
to 95% CL regions are shown in each case. 
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Figure 2. Allowed 68% (black), 95% (gray) and 99% (light gray) CL regions in mfj± vs. tan/3 
for BGL models of types (dj, i^j) and {ui,£j), i.e. for models with FCNC in the up quark sector 
and in the charged lepton or neutrino sector (respectively). Lower mass values corresponding 
to 95% CL regions are shown in each case. 



































4.1. Acknowledgments 

The author thanks the Organisers of Discrete 2014 for the invitation to present this 
work for hospitality and for the very stimulating Conference. This work is partially 
supported by Fundagao para a Ciencia e a Tecnologia (FCT, Portugal) through the 
projects CERN/FP/123580/2011, PTDC/FIS-NUC/0548/2012, and CFTP-FCT Unit 777 
(UID/FIS/00777/2013) which are partially funded through POCTI (FEDER), COMPETE, 
QREN and EU. 

References 

[1] Lee T D 1973 “A Theory of Spontaneous T Violation,” Phys. Rev. D 8 1226 

[2] Peccei R D and Quinn H R 1977 “CP Conservation in the Presence of Instantons,” Phys. Rev. Lett. 38 

1440 

[3] Aad G et al. [ATLAS Collaboration] 2012 “Observation of a new particle in the search for the Standard 

Model Higgs boson with the ATLAS detector at the LHC,” Phys. Lett. B 716 1 arXiv: 1207.7214 [hep-ex]] 

[4] Chatrchyan S et al. [CMS Collaboration] 2012 “Observation of a new boson at a mass of 125 GeV with the 

GMS experiment at the LHC,” Phys. Lett. B 716 30 arXiv:1207.7235 [hep-ex]] 

]5] Gunion J F, Haber, H E Kane, G L and Dawson S 2000 “The Higgs Hunter’s Guide,” Front. Phys. 80 1 
]6] Branco G C, Ferreira P M , Lavoura L, Rebelo M N , Sher M and Silva J P 2012 “Theory and phenomenology 
of two-Higgs-doublet models,” Phys. Rept. 516 1 arXiv:1106.0034 [hep-ph]] 

[7] Crivellin A Kokulu A and Greub C 2013 “Flavor-phenomenology of two-Higgs-doublet models with generic 
Yukawa structure,” Phys. Rev. D 87 9, 094031 arXiv: 1303.5877 [hep-ph]] 

]8] Glashow S L and Weinberg S 1977 “Natural Gonservation Laws for Neutral Gurrents,” Phys. Rev. D 15 
1958 

]9] Pich A and Tuzon P 2009 “Yukawa Alignment in the Two-Higgs-Doublet Model,” Phys. Rev. D 80 091702 
arXiv:0908.1554 [hep-ph]] 

[10] Branco G C, Grimus W and Lavoura L 1996 “Relating the scalar flavor changing neutral couplings to the 

GKM matrix,” Phys. Lett. B 380 119 hep-ph/9601383 

[11] Botella F J, Branco G C, Nebot M and Rebelo M N 2011 “Two-Higgs Leptonic Minimal Flavour Violation,” 

it JHEP 1110 037 arXiv:1102.0520 [hep-ph]] 

[12] Botella F J, Branco G C and Rebelo M N 2010 “Minimal Flavour Violation and Multi-Higgs Models,” 

Phys. Lett. B 687 194 arXiv:0911.1753 [hep-ph]] 

[13] Bhattacharyya G, Das, D, Pal P B and Rebelo M N 2013 “Scalar sector properties of two-Higgs-doublet 

models with a global U(l) symmetry,” JHEP 1310 081 |arXiv: 1308.4297 ]hep-ph]] 

[14] Botella F J, Branco G C, Carmona A, Nebot M, Pedro L and Rebelo M N 2014 “Physical Constraints 

on a Class of Two-Higgs Doublet Models with FCNC at tree level,” JHEP 1407 078 arXiv: 1401.6147 
[hep-ph]]. 

[15] Bhattacharyya G, Das D and Kundu A 2014 “Feasibility of light scalars in a class of two-Higgs-doublet 

models and their decay signatures,” Phys. Rev. D 89 095029 arXiv: 1402.0364 [hep-ph]] 

[16] Burns A J, Gambino P, Gorbahn M, Jager S and Silvestrini L 2001 “Universal unitarity triangle and physics 

beyond the standard model,” Phys. Lett. B 500 161 hep-ph/0007085 

[17] D’Ambrosio G, Giudice G F, Isidori G and Strumia A 2002 “Minimal flavor violation: An Effective field 

theory approach,” Nucl. Phys. B 645 155 hep-ph/0207036 

[18] Bobeth C, Bona M, Burns A J, Ewerth T, Pierini M, Silvestrini L and Weile, A 2005 “Upper bounds on 

rare K and B decays from minimal flavor violation,” Nucl. Phys. B 726 252 hep-ph/0505110 

[19] Dery A, Efrati A, Hiller G, Hochberg Y and Nir Y 2013 “Higgs couplings to fermions: 2HDM with MFV,” 

JHEP 1308 (2013) 006 arXiv: 1304.6727 [hep-ph]] 

[20] Grimus W, Lavoura L Ogreid, O M and Osland P 2008 “The Oblique parameters in multi-Higgs-doublet 

models,” Nucl. Phys. B 801 81 arXiv:0802.4353 [hep-ph]] 

[21] Hermann T, Misiak M and Steinhauser M 2012 “_B —>■ Xs"f in the Two Higgs Doublet Model up to Next- 

to-Next-to-Leading Order in QCD,” JHEP 1211 036 arXiv: 1208.2788 ]hep-ph]] 

[22] Raidal M, van der Schaaf A, Bigi I, Mangano M L, Semertzidis Y K, Abel S, Albino S and Antusch S, et al. 

2008 “Flavour physics of leptons and dipole moments,” Eur. Phys. J. G 57 13 arXiv:0801.1826 [hep-ph]]. 

[23] Jung M and Pich A 2014 “Electric Dipole Moments in Two-Higgs-Doublet Models,” JHEP 1404 076 

arXiv: 1308.6283 [hep-ph]] 

[24] Botella F J, Branco G C and Rebelo M N 2013 “Invariants and Flavour in the General Two-Higgs Doublet 

Model,” Phys. Lett. B 722 76 arXiv:1210.8163 [hep-ph]] 




